ABSTRACT This paper presents the design and experimental assessment of the control system for the UX-1 robot, a novel spherical underwater vehicle for flooded mine tunnel exploration. Propulsion and maneuvering are based on an innovative manifold system. First, the overall design concepts of the robot are presented. Then, a theoretical six degree-of-freedom (DOF) dynamic model of the system is derived. Based on the dynamic model, two control systems have been developed and tested, one based on the principle of nonlinear state feedback linearization and another based on a finite horizon linear quadratic regulator (LQR). A series of experimental tests have been carried out in a controlled environment to experimentally identify the complex parameters of the dynamic model. Furthermore, the two proposed controllers have been tested in underwater path tracking experiments designed to simulate navigation in mine tunnel environments. The experimental results demonstrated the effectiveness of both the proposed controllers and showed that the state feedback linearization controller outperforms the finite horizon LQR controller in terms of robustness and response time, while the LQR appears to be superior in terms of fall time.
I. INTRODUCTION
Europe has almost complete dependency on the import of mineral raw materials. Some of these minerals, which were disregarded during the operational life of mine sites (such as germanium in some lead/zinc mines), are now considered ''critical minerals'' and are in high demand [1] . Paradoxically, an estimated 30,000 mining sites still contain raw materials, such as metallic and industrial minerals, construction materials, or base metals. Nevertheless, such mining sites are currently closed and/or abandoned, many of them more than one century ago.
The closure of these mines was commonly related to economic, environmental, and technological challenges more than the actual presence of mineral resources. However, new mining technologies, as well as an increased economic pressure, have raised the interest for re-opening some of
The associate editor coordinating the review of this manuscript and approving it for publication was Gongbo Zhou. these abandoned mine sites. Most of these old mine sites are nowadays flooded, and the information available regarding the structural layout of the tunnels is limited or imprecise. In order to take re-opening into consideration, surveying and prospecting the mine tunnels network should be conducted.
Exploration by human divers, however, is ruled out due to the risks involved, and de-watering without a priori knowledge of the mineralogical composition is impossible because of its high costs. Therefore, the use of robotic systems, predominantly Unmanned Underwater Vehicles (UUVs), appears to be the main choice for current research endeavors. The UNEXMIN project [2] , proposes the design and use of an innovative non-invasive fully autonomous underwater robot, hereby named UX-1, for the exploration and mapping of flooded mines.
Due to the particular environmental constraints (tunnel cross-sections are in the range of 1.5m x 2m to 3m x 3m) and the possible presence of objects and debris from infrastructures left after closure, a spherical shape is adopted with an embedded thruster configuration (''manifolds'', see Fig. 2 ), that minimizes the number of moving parts and protruding elements, whilst allowing high stability and maneuverability.
Another important issue that has to be solved is the design of the navigation system. In fact, the control of such vehicles is a rather complex and challenging task. For this reason this paper proposes two control solutions that have been developed in the framework of the UNEXMIN project, and are thus specific for the considered underwater vehicle and for the requirements of the flooded mine navigation task. In particular, considering that UX-1 is characterized by a highly nonlinear motion model whose coefficients, especially the ones related to the hydrodynamic effects, are difficult to identify and affected by uncertainty, two different control strategies have been developed. The first one, based on a linear approximation of the motion model, exploits Linear Quadratic control theory to derive a position/velocity controller in a cascaded-control architecture. Though the navigation inside a flooded mine is characterized by low velocities, and the linear approximation seems to be acceptable, experimental results have revealed the limitations of this approach.
For this reason, a second control strategy has been developed, introducing an exact linearization of the motion model based on a feedback linearization controller. In this way the outer loop can be still designed using linear control theory, but avoiding the introduction of any approximation. Furthermore, despite the aforementioned model uncertainties that can represent a critical issue in the case of a feedback linearizing law, experimental results clearly demonstrate the effectiveness of this approach. It must be also noticed that the solution here presented opens the way to further developments, as the outer loop can be designed using different and more complex/powerful control strategies, like for example Model Predictive Control (MPC).
A. RELATED WORK
In recent years, robotics researchers have shown a growing interest in underwater vehicles, though, most of the commercially sold UUVs in the market are only available as remotely operated. This limits the possible applications, because of high operational costs and safety regulations [3] . Hence, there have been increased efforts to design and develop selfcontained, small-sized, and intelligent Autonomous Underwater Vehicles (AUVs).
There are countless possible applications for AUVs. Environmental applications include data gathering [4] , [5] and autonomous sea floor mapping [6] , [7] . Military applications, such as mine countermeasures, make use of intervention AUVs that have the capability of searching, locating, and manipulating underwater objects of interest [8] , [9] ; whilst Ocean Mining applications make use of AUVs, such as HUGIN, to map deepwater oil and gas fields [10] . Nevertheless, most of the development in underwater robotics for these type of applications is intended for open water scenarios, where the restrictions on shapes and sizes of the vehicle are not rigorous, unlike the underwater mine tunnel environments contemplated in the UNEXMIN project.
Consequently, a spherical design where high stability and flexibility can be obtained along with a zero degree turn radius for high maneuverability is proposed for the UX-1 robot. To the best of our knowledge, only few works can be found in the literature focusing on spherical UUVs. A µAUV of 0.075m radius and 6 propellers around the hull was developed by the authors of [11] and [12] for monitoring nuclear storage ponds. The authors in [13] , [14] , and [15] make use of the spherical UUV SUR-II, which is equipped with waterjet thrusters as propulsion, to design and develop attitude stabilization methods as well as buoyancy control with a variable ballast tank. In [16] , the underwater robot ODIN-III is presented. It has a hollow metal sphere housing of 0.63m in diameter and a propulsion system that consisted of 8 thrusters fixed outside the hull. One key disadvantage of these UUV designs is the presence of external propulsion systems, which could become entangled with objects such as ropes or cables encountered during operation. Taking into account the benefits and drawbacks of these systems, the design proposed in this work ( Fig. 1) , integrates the propulsion elements into the spherical hull to avoid foreign objects from damaging the propellers and effectively eliminating the possibility of ensnarement. Works related to the control of UX-1 includes [17] in which a scaled prototype is developed as a testing and validating platform for control systems in shallow water tanks.
B. OUTLINE OF THE PAPER
This work is organized as follows: Section II introduces the general design aspects of the robot, while in Section III the 6 degree-of-freedom (DOF) equations of motion for an UUV are derived. Section IV introduces the proposed control system, whilst underwater experimental tests are reported in VOLUME 7, 2019 FIGURE 2. Final 3D model of robot mechanical design (a) Left view (manifold system for propulsion and scientific imaging equipment), (b) front view (M3 Sonar and structured light systems), (c) right view (manifold system and camera).
Section V. Finally, results and discussions are carried out in Section VI with conclusions and future works presented in Section VII.
II. ROBOT DESIGN
The robot was designed to be a mine exploring spherical underwater vehicle; thus, given the challenging environments in which the will have to operate, strict design restrictions and requirements have had to be observed. The final robot design, presented in Fig. 2 , has been recently presented in several works, such as [18] and [19] ; however, for the readers' understanding, the following sections briefly introduce the main elements of the robot.
A. MECHANICAL DESIGN 1) EXTERNAL HULL & MANIFOLDS
The external pressure hull, shown in Fig. 3 , has a diameter of approximately 0.65m and is assembled by three components: a toroid shaped central housing machined from aluminum, and two aluminum side plates. To avoid entanglement with any object found inside the mine tunnels, two manifold systems, fixed to the side plates, have been designed for thruster mounting and propulsion. 
2) PENDULUM AND VARIABLE BALLAST SYSTEMS
The robot is expected to have an operating time of more than 3 hours for mine surveying missions on a single charge of the batteries. This requires the mechanical design to limit the power consumption of the propulsion system as much as possible. Therefore, as can be seen in Fig. 4 , a Pendulum System (PS), for passive pitch stabilization, and a Variable Ballast System (VBS), for buoyancy control, have been integrated inside the watertight hull [19] . 
B. HARDWARE & SENSORS 1) ON-BOARD COMPUTING
The robot has a distributed computer system for on-board data processing, sensor interfaces and actuator control [20] . Given the size restrictions inside the hull, a Com Express Type 6 (i7-8850H processor at 2.6/4.3GHz with QM370 chipset) PC was chosen as the main computer in charge of mission control. This computer hosts the Guidance, Navigation and Control (GNC) algorithms, as well as data fusion algorithms and hardware drivers and interfaces.
2) SENSOR COMMUNICATIONS
Sensors in the robot communicate to the main computer through Ethernet, RS485/422 or CAN Bus interfaces [20] . Low bandwidth components, such as the energy management system and actuator controls (thrusters, PS and VBS) use either serial or CAN interfaces. The thruster speed and VBS components are controlled by VESC (http://vedder.se/) Electronic Speed Controllers and communicate using CAN Bus. The perception subsystem of the includes a Konsberg M3 Multibeam Sonar (www.km.kongsberg.com), five digital cameras and rotating laser line projectors for structured light systems. These perception components are exploited to gather 3D map data during dive missions for use in navigation and post-processing tasks.
4) LOCALIZATION SUBSYSTEM
The UX-1 is equipped with a KVH 1750 (www.kvh.com) fiber optic Inertial Measurement Unit (IMU) for feedback of linear accelerations and angular velocities, as well as a Doppler Velocity Logger (DVL) for feedback of linear velocities and distance to bottom measurements. These measurements are used by an Extended Kalman Filter (EKF) to estimate the pose of the robot during missions.
III. DYNAMIC MODEL
The equations of motion for underwater vehicles have been extensively studied and presented in previous works, such as [21] . The vehicle is modeled as a body moving freely in space, namely characterized by 6 DOF, and derived according to the Society of Naval Architects and Marine Engineers (SNAME) notation [22] .
A. NOMENCLATURE
Given that the purpose of the robot is to conduct autonomous underwater navigation, without the need for human intervention, two reference frames are adopted. As can be seen in Fig. 5 , a North-East-Down (NED) reference frame {n} is used, with orthonormal basis {x n , y n , z n } and origin o n represented in world coordinates, where, for vehicles operating in a local area with approximately constant latitude and longitude, the NED reference frame can be considered inertial [21] . Additionally, a body-fixed reference frame {b} is used with orthonormal basis {x b , y b , z b } and origin o b also in world coordinates. The equations of motion presented in this work make use of the representation presented in [21] , i.e.:
where η ∈ R 3 ×S 3 denotes the position and orientation vector in the NED coordinate system. In (1), the position vector P n b/n ∈ R 3 is defined as the distance of point o b with respect to {n} expressed in {n} and nb ∈ S 3 is a vector of Euler angles, i.e., roll, pitch and yaw angles, denoted with φ, θ and ψ between {n} and {b}. J (η) is a 6 × 6 Jacobian matrix consisting of a rotation matrix R 
B. NONLINEAR 6 DOF MODEL
The nonlinear equations of motion for an UUV, as developed in [23] , are:η
with:
where B is used as a mapping matrix for thruster configuration, and g(η) is the vector of hydrostatic forces and moments for the gravitational and buoyant forces acting on the vehicle. The system inertia matrix M is a positive semi-definite matrix composed of the rigid-body inertia matrix M RB , and the hydrodynamic inertia matrix of added mass terms M A . The Coriolis and Centripetal term matrix C(ν), consists of the rigid-body C RB (ν), and hydrodynamic C A (ν) Coriolis and Centripetal matrices. Lastly, the total hydrodynamic damping matrix D(ν) is the sum of the linear term D, and the nonlinear term D n (ν).
C. RIGID-BODY FORCES
The rigid-body equations of motion are based on the rigidbody inertia matrix M RB and the rigid-body Coriolis and Centripetal matrix C RB (ν). The representation of the rigid-body system inertia matrix in (7) is defined by:
which satisfies, M RB = M RB > 0 and P M RB = 0 6×6 . In (10), m is the mass of the vehicle, {I x , I y , I z } are the moments of inertia about {b} axes, {I xy = I yx , I xz = I zx , I yz = I zy } are the products of inertia as defined in [21] , and {x g , y g , z g } are the distances from the geometrical center of the vehicle to the center of gravity (CG). For the case of a spherical UUV with symmetry in the xz, yz and xy planes, the rigid-body inertia matrix can be approximated by:
2) RIGID-BODY CORIOLIS AND CENTRIPETAL MATRIX
The rigid-body Coriolis and Centripetal matrix C RB (ν) terms are due to a rotation of the body-fixed reference frame {b} about the inertial frame {n}. According to [23] , C RB (ν) can always be represented such that it is skewsymmetric (i.e., C RB (ν) = −C RB (ν)) and defined as:
with
D. HYDRODYNAMIC FORCES
In this section the hydrodynamic forces acting on the UUV are presented. These are: the added mass forces, the hydrodynamic inertia matrix of added mass terms M A , the hydrodynamic Coriolis and Centripetal matrix C A (ν), and the hydrodynamic damping matrix D(ν).
1) HYDRODYNAMIC ADDED MASS FORCES
Added mass forces arise due to the exchange of inertia among a moving object and its surrounding fluid. This force can be described by an axial component and a rolling component. Assuming that the shape of the UUV can be approximated by an ellipsoid, the axial component of the hydrodynamic added mass force X along the x axis due to an accelerationu in the x direction is computed as [24] :
where Xu is known as a hydrodynamic derivative according to the SNAME notation, ρ is the water density, d is the diameter of the vehicle, and β is a coefficient based on the ratio between the vehicle length and diameter. Similar considerations hold for the axial components of the hydrodynamic added mass force, Y and Z . The authors in [25] provide the following expression to compute the rolling component of the hydrodynamic added mass force for a prolate spheroid:
where a and b represent the two semi-axis of the spheroid.
For the special case of a spherical UUV, the three rolling components of the hydrodynamic added mass force are all equal, i.e. Kṗ = Mq = Nṙ . Furthermore, the non-idealities, namely the external sensors and actuators, can be accounted for using the expression provided in [26] , under the assumption of considering them as fins:
where r i is the i-th fin height above the vehicle centerline, x init i is the starting point of the i-th fin, x end i is the ending point of the i-th fin, and n fins is the number of fins.
2) HYDRODYNAMIC SYSTEM INERTIA MATRIX
The system inertia matrix of added mass terms M A describes the mass that the UUV has to displace while moving, and the inertia due to the displaced mass while rotating. Since the equations of motion of an UUV moving at high speeds are highly nonlinear and coupled, in this work the vehicle is restricted to perform low speed maneuvers only. Therefore, for the case of a spherical UUV with three planes of symmetry, the contribution of the off-diagonal elements in the added mass inertia matrix can be neglected. Hence,
The added mass matrix elements Xu, Yv, Zẇ, Kṗ, Mq and Nṙ are the hydrodynamic added mass forces as explained in Section III-D1.
3) HYDRODYNAMIC CORIOLIS AND CENTRIPETAL MATRIX
The nonlinear hydrodynamic Coriolis and Centripetal matrix C A (ν) can be derived using an energy formulation based on the added mass matrix (17) [27] , as follows:
4) HYDRODYNAMIC DAMPING MATRIX
The hydrodynamic damping of an underwater vehicle can be modeled as the sum of two concentrated forces, lift and drag. The lift force arises from the difference of pressure generated by fluid flowing over the upper and lower parts of the hull, further depending on the angle of attack and on the speed of the vehicle. For a spherical UUV, the pressure difference is assumed null and the lift force is neglected. The drag force of an underwater vehicle operating in a closed space mainly depends on linear-skin friction and cavitation. For a low-speed moving vehicle, the drag can be considered decoupled among the DOF. This force can be expressed with two formulations, one arising when the vehicle performs a motion along an axis, named axial and cross flow drag, and another when the vehicle rotates around an axis, referred to as rolling drag. The axial drag term is the drag force directed towards the x axis of the UUV and it is often expressed as a quadratic function of speed, using the following formulation:
where A is the vehicle cross sectional area and C d (Re) is the drag coefficient which depends on the Reynolds number (Re). The crossflow drag terms affect the vehicle when moving perpendicular to it's x axis, i.e. heave and sway motions. For a spherical UUV, the crossflow drag can be calculated using:
where S fin i is the surface of the i-th fin, C d fin,i is the drag coefficient of the i-th fin, and n fin denotes the number of fins.
Assuming that the external sensors can be considered as fins, the drag coefficient of each sensor can be computed using the fin taper ratio approximation t i :
where t i = width on top i width on bottom i .
A perfect rolling sphere produces an extremely low drag [26] . The main component of the rolling drag is thus generated by fins, and the following approximated expression can be used:
where r mean is the mean fin (or external sensor) height above the vehicle axis centerline. Similar formulations can be used to calculate M |q|q and N |r|r Thus, the hydrodynamic damping matrix D(ν) can be expressed as [23] :
where
, N r } are the linear damping term D coefficients using the SNAME notation. Definitions and theory can be found in [28] .
E. HYDROSTATIC FORCES
Conforming to the SNAME nomenclature, the weight W and buoyancy B of a submerged vehicle are given by,
where g is the Earth's gravitational constant in NED and ∇ is the volume of the displaced water mass, i.e., volume of the vehicle. Since these forces only affect the vertical plane of {n}, they can be expressed as [29] :
These forces are expressed in the inertial frame {n}, thus, they can be moved to the body-fixed frame {b} by applying the coordinate transformation matrix R n b ( nb ). Once rotated to {b}, (26) can be rewritten as: (27) where r b g and r b b are the vectors collecting the distances from the body-fixed frame to the centers of application of the forces, i.e., they represent the distances from the geometrical center of the sphere to the CG and the Center of Buoyancy (CB), respectively. Hence, expanding (27) , the vector collecting the effect of the hydrostatic forces and moments, namely g(η), is as follows:
where s(·) = sin(·) and c(·) = cos(·). As can be seen in (28) , if the UUV is close to neutrally buoyant (W = B), the gravitational forces only affect the rotations in the x and y axes. VOLUME 7, 2019
F. QUATERNION REPRESENTATION
In the previous sections, any rotation from the inertial frame {n} to the body-fixed frame {b} or viceversa is performed by means of the transformation matrix J (η) in (2), that includes the following matrices:
This transformation is achieved by means of three sequential rotations around three axes. If the rotations are performed starting from one axis of the inertial frame, Euler angles can be used to express the attitude of the body-fixed frame. This approach is commonly used in robotic applications since the kinematic parameters preserve the physical meaning of the attitude of the vehicle and the approach can be applied for any attitude, except for the singularity in a pitch angle θ of ±90 • .
Nevertheless, in the case of UX-1, the configuration with the critical pitch angle ±90 • is a standard working condition, corresponding to the maneuver of ascending or descending in a mine shaft. In order to allow for a complete range of motions, the following quaternion parameterization is used as well:
The notation used for the quaternions is the following, q 0 q 1 q 2 q 3 , where q 0 denotes the scalar component of the unit quaternion. Additionally, the quaternion parameterization can be used to represent the vector of hydrostatic forces and moments in (28) as:
IV. UX-1 CONTROL SYSTEM
As it can be seen in Fig. 6 , a modular control system, where control modules can be easily replaced for testing different control strategies, has been adopted for UX-1 robot. A force allocation module is first designed, in charge of interpreting the force requirements and distributing it to the actuators, followed by an outer position control module in charge of computing the reference force vector based on the desired position reference and the actual robot position. To design the position control module, different strategies are considered, starting from a multivariable linear optimal approach and then exploiting a nonlinear approach.
A. FORCE ALLOCATION MODULE
The UX-1 is an over-actuated system, where the number of actuators used to perform a control action is redundant, either to improve system performance, reliability or robustness [30] . The force allocation control approach is based on the mapping matrix, which gathers how the forces of the actuators generate effects on the control force vector of the system. The idea of this approach is that, given a reference force vector and inverting the mapping matrix, it is possible to compute the force required by each actuator. 
1) MAPPING MATRIX
The mapping matrix B, shown in (6) , is used to define how the thruster configuration will act on the dynamics of the UUV. UX-1 is actuated by means of eight thrusters, hereby denoted {T i }, allocated symmetrically on each side of the vehicle. Therefore, B will be a 6 × 8 matrix with the rows corresponding to the DOF, i.e. {X , Y , Z , K , M , N }, and the columns corresponding to each thruster, i.e. {T 1 , . . . , T 8 }; where element i,j expresses how the i − th DOF is affected by the j−th thruster. For any given motion, several combinations of thrusters can be chosen using the thruster notation shown in Fig. 2 .
The configuration of actuators chosen for the different motions is shown in Table 1 . Using this configuration, the mapping matrix B of the effect of the thrusters on the dynamics of the system is defined as:
where σ 1 is the distance from the axis of the thrusters to the geometrical center of the UUV, σ 2 is the distance from each thruster to the middle lateral point and δ = arctan(
) is the rotation angle of the moments generated on the UUV.
2) MAPPING MATRIX PSEUDOINVERSE
Since the mapping matrix B in (35) is not a square matrix, the pseudoinverse of B, denoted with B † , can be used to solve the problem. The pseudoinverse matrix is calculated using the Moore-Penroose inverse as:
3) THRUSTER COEFFICIENT
As can be seen in Fig. 7 , the output of the mapping matrix pseudoinverse evaluated in the previous section is represented by the desired forces from each of the eight thrusters, i.e. [F T 1 , F T 2 , . . . , F T 8 ]. However, the input for the VESC Electronic Speed Controllers, used to control the speed of the thrusters, are the desired thruster velocities in RPM. To translate the desired force of each thruster F T i to a desired velocity, a simple relation is derived as:
where k m is the thruster coefficient and ω 2 T i is the speed of the i − th thruster in RPM. This model neglects the dynamics of the thrusters and considers them as being capable of providing the required force instantaneously. This is a reasonable assumption, given that the maximum operating speed of the UX-1 robot during missions is around 0.5 m/s with minimum changes in attitude. Experimental tests that were performed to identify the characteristic curve of the thrusters will be shown in Section V-B1.
B. POSITION CONTROL MODULE
For the position control module, two methods are presented in this work. First, a Finite Horizon Linear Quadratic Regulator (LQR) which is based on two loops for speed and position control. Afterwards, a State Feedback Linearization control which is based on a single loop with position and velocity feedback.
1) FINITE HORIZON LQR
This method is based on a multivariable approach, chosen as the Linear Quadratic control (LQ). The LQ regulator solves the control problem by minimizing the performance index:
where x is the vector of the states, x R is the vector of the state references, u is the vector of the inputs, u R is the vector of input references and, Q, R are the matrices of state and input weights, respectively. As shown in Fig. 8 , the control is constituted by two nested loops, an inner one in charge of the velocity control and an outer targeting the position. The two control gains K 0 and K 1 are tuned solving two independent LQ problems. For the speed a linearized version of the dynamic equations in (6) has been used, whilst for the position a linearized kinematic model, derived from (5) is adopted.
The state gain matrix Q of the LQ controller are chosen according to [31] , in which the state gain is designed as a diagonal matrix where each term on the main diagonal is normalized dividing by the square of the maximum acceptable error as follows,
The control weight R is a tuning parameter related to the energy consumption of the control strategy, with higher gains meaning a faster system at the cost of an higher energy requirement. R is tuned by dynamic simulations of the system, choosing a trade-off between response time and required control forces, and afterwards tuned in experimental tests. 
2) NONLINEAR STATE FEEDBACK LINEARIZATION
The State Feedback Linearization (FL) control method has been implemented and validated in a number works in the literature. The main principle with feedback linearization is the transformation of the nonlinear dynamics of the UUV into a set of independent chain of integrators, as follows:
to which traditional control methods for linear dynamical systems (e.g. Linear Quadratic Regulator, pole-placement) can be applied [21] . In (41), λ n is interpreted as the commanded acceleration in the NED frame, and in (42) λ b as the bodyfixed commanded acceleration vector. We consider the nonlinear kinematic and dynamic equations from Section III-B in the forṁ
where η and ν are assumed to be measurable and n is defined as follows,
The control law is selected such that the nonlinearities of the system dynamics can be canceled out
Differentiating (43) with respect to time and applying the control law (46) to the UUV dynamics in (44) yields
Selecting
results in the linear decoupled system M * (η − λ n ) D 0 where M * = J − (η)MJ −1 (η) > 0 (note that J (η) is a square matrix and it is always invertible). From (48) it can be concluded that the commanded acceleration in the body-fixed frame λ b can be calculated by
and the commanded acceleration in the NED frame can be chosen as a PD control law with acceleration feedforward
where η d is the desired position and orientation vector in NED,η = η − η d is the position and orientation tracking error and, K p and K d are positive definite diagonal matrices of the controller gains. These gains can be selected in order to set the desired error dynamics. In fact, introducing (50) in (41) we obtain the error dynamicsη + K dη + K pη = 0.
V. EXPERIMENTS
Experimental tests were carried out to evaluate and compare the performance of the position control systems (Section IV). Furthermore, identification tests were performed in order to validate the theoretical hydrodynamic damping parameters for surge and pitch obtained from the derivation of the system model, and to calculate the thruster coefficient. The analysis of these experiments will be discussed in Section VI.
A. EXPERIMENTAL SETUP
To test the UX-1 robot in a underwater environment, a 10m × 6m × 5m depth test tank located in the Robotics and Autonomous Systems Laboratory at INESC TEC was used (Fig. 10) . Using the measurements from the DVL and the IMU sensors installed on-board, an EKF algorithm developed by researchers at INESC TEC was used to estimate the UX-1 robot position and velocity feedback. All hardware interfaces have been implemented in Python or C++ in Ubuntu 16.04, and data communications are handled using the ROS (https://www.ros.org/) middleware standard messages. The UX-1 robot was designed and intended for fully autonomous navigation of flooded mines; however, during this phase of preliminary tests, the UX-1 robot was equipped with a neutrally buoyant tether for real-time controller tuning and manual control in case of controller failure.
The PS control has not been considered in this work; thus, the passive pitch stabilization was used to fix the pitch of the UX-1 to 0 • during the underwater tests. Additionally, the VBS used for buoyancy control and trimming was not fully functional during these tests; therefore, the robot was trimmed with dead weights on the inside to get as close to neutral as possible.
B. MODEL PARAMETER IDENTIFICATION 1) THRUSTER COEFFICIENT IDENTIFICATION
To identify the thruster coefficient k m in (38), an experimental test was performed using one of the UX-1 thrusters, a model T200 from BlueRobotics (www.bluerobotics.com). The motor was fixed to a metal rod connected to a load cell and secured to the test tank support bridge, as shown in Fig. 11 .
FIGURE 11. Motor parameter identification test setup.
First, the load cell was calibrated by incrementally adding known weights to the metal rod and measuring the correspondent output voltage. From the datasheet of the load cell, the relation from voltage to the corresponding force can be approximated with a linear curve as in Fig. 12 . Once the characteristic coefficient of the load cell was computed, the force generated by the motor can be measured. The identification procedure was as follows:
• the motor is actuated within a known range of RPM values by means of the open-source BLDC Tool;
• for each RPM input a transient time is needed for the motor to reach the steady-state and for the test bench to exhaust any physical vibration;
• each RPM command is provided 20 times and their corresponding voltage measurements are averaged;
• the characteristic curve of the thruster is identified fitting the data to a quadratic model. As expected from (38) and shown in Fig. 13 , the data obtained from the identification tests are in good accordance with the expected quadratic model. 
2) DAMPING PARAMETER IDENTIFICATION
Once the thruster coefficient was identified, the experimental identification test of the surge linear and quadratic damping terms, represented by X |u|u and X u in (24), was performed. Two models have been considered for the surge motion, assumed to be decoupled from the other dynamics:
where in (51) only the quadratic term of the drag X |u|u is accounted for, whereas in (52), both the linear X u and quadratic X |u|u terms are considered. To identify the drag coefficients a test has been performed providing as input to the system a known linear force by means of the available thrusters, and measuring the resulting velocity of the vehicle from the DVL. The results of these experiments, together with the two identified models, are shown in Fig. 14. 
3) ROLLING DRAG IDENTIFICATION
Lastly, the rolling drag coefficient for pitch, as described by M |q|q and M q in (24), was experimentally identified. In order to measure the pitch angle, an underwater camera has been used. Two circular markers were positioned on one of the manifolds of the vehicle, as shown in Fig. 15 , and an image processing algorithm based on Hough transform segmentation was developed to compute the pitch angle θ, using the following relation:
where {x m , y m } are the coordinates of the center of the marker, and {x c , y c } are the coordinates of the center of the vehicle. Again, two models of increasing complexity have been used,
in (54) only the quadratic drag term M |q|q is considered, whereas in (55) the analysis is extended also to the linear term M q . The rolling drag test is performed by imposing an initial step, manually pitching the vehicle upwards, and then computing in each frame the pitch angle geometrically from the markers. In Fig. 16 , the fitting for both identified rolling drag models is presented.
C. UNDERWATER CONTROL TESTS
The underwater path tracking experiments were designed to simulate the UX-1 robot navigating inside an underwater mine tunnel environment. Position reference commands were sent in North (surge) and Depth (heave), while maintaining the East (sway) at y = 0m and the Heading (yaw) and roll fixed at 0 • . As mentioned before, the PS for pitch control was fixed as to navigate in a nose forward configuration (φ = 0 • ). 
1) PATH TRACKING FEEDBACK LINEARIZATION CONTROL
The state feedback linearization control algorithm, developed in Section IV-B2, was implemented and tested in a path tracking scenario. For these tests, the controller gains were obtained by using a pole-placement algorithm similar to [21] and initially tuned in a simulation environment on the theoretical dynamic model of the system derived in Section III. Afterwards, the control gains were re-tuned in situ once the robot was in the water. Given the close quarter navigation the UX-1 will have to perform, the requirements of the control tuning was focused on achieving zero error in steady-state with minimal overshoot, with no requirement on rise time or settling time since the operational velocity is quite low. Fig. 17 shows the overall results of the path tracking underwater test with the feedback linearization control algorithm. As can be seen, the experiment lasted approximately 170s during which the controller was sent a reference path composed of 4 waypoints (x and y in meters, ψ in degrees):
The recorded experimental measurements from the localization module are shown for North (Fig. 17(b) ), Depth (Fig. 17(c) ), Heading ( Fig. 17(d) ), Roll and Pitch (Fig. 17(e) ) and the force commands generated by the control algorithm ( Fig. 17(f) ). Furthermore, the complete 3D path navigated by the UX-1 robot is shown in Fig. 17(a) .
2) PATH TRACKING FINITE HORIZON LQR CONTROL
The Finite Horizon LQR control system is based on the dynamic model in (5) and (6) . Given that the pitch angle in these initial tests was to be fixed at 0 • , no singularities would be encountered, therefore the system was parametrized with Euler angles as in (29) and (30). Furthermore, the vehicle was considered with a fixed mass and with a fixed position of the center of mass in the standard configuration.
As in the previous section, the controller was initially tuned in a simulation environment with the theoretical and identified model parameters. Using (40), the maximum acceptable steady-state error for each state is used as the requirement for the state gains; whilst the control weight requirements are constrained to lower control forces. Finally, the robot was manually tuned for the best response once in the test tank.
In order to compare the performance of both control algorithms developed in this work, the path reference commanded to the LQR controller is similar to the one used for the aforementioned feedback linearization controller. The experiment lasted approximately 220s during which the controller was sent a reference path composed of 4 waypoints (x and y in meters, ψ in degrees): [x, z, ψ] = [(4.5, 0.2, 0), (4.5, 2, 0), (2, 2, 0), (2, 0, 0)]. In Fig. 18 the results of the underwater control tests are presented for North (Fig. 18(b) ), Depth (Fig. 18(c) ), Heading ( Fig. 18(d) ), Roll and Pitch (Fig. 18(e) ), Force ( Fig. 18(f) ), and the 3D path navigated in Fig. 18(a) .
VI. RESULTS AND DISCUSSION
In this section, all the experimental results including the identification and control tests, presented in Section V, are analyzed. The first experimental tests were conducted to identify and validate the dynamic model parameters of the UX-1 robot. The thruster coefficient k m , from (38), was estimated using a load cell to relate the thrust force generated to a commanded RPM velocity. Using the characteristic curve (see Fig. 13 ), the thruster motor coefficient was estimated as k m = 5.9 × 10 −8 .
Analyzing the experimental data from the BLDC tool, it is possible to assume that the actuator model, including the velocity loop, follows a first order system. In addition, noticing that the settling time was less than 100ms, it is possible to estimate the time constant of the system to be less than 25ms. For these reasons, the dynamics of the actuators can be safely considered negligible with respect to the ones of the vehicle, and the actuators can be modeled as an instantaneous source of thrust.
As surge will be the predominant motion of the robot during missions, it was important to accurately replicate it within the model. From the identification experiments performed for the surge linear and quadratic damping terms, in Fig. 14, it is apparent that the model in (52) (where both the linear and quadratic terms are present) was able to better replicate the vehicle dynamics either in transient and at steady-state.
The fitting percentage of the experimental data to both models was computed by means of the normalized root mean square error (NMRSE). The surge model in (52) obtained a 69.17% fit, 8% higher than the simplified surge model in (51). Using the experimental data, the quadratic drag term results in X |u|u = -73.51 ± 5.1 kg/m, whereas the linear drag term is estimated as X u = -65.5 ± 3.2 kg/m. Furthermore, the theoretical value of the quadratic drag term, calculated using (19) , results in X |u|u = -71.13 kg/m showing that the quadratic drag coefficient identified with these experiments is consistent with the theoretical value.
Similarly, the rolling drag parameters were also identified with experimental data. As can be seen in Fig. 16 , both models (54) and (55) produce similar results to the experimental data with a fit percentage of approximately 81.09%. In this particular case, the addition of the linear term M q does not provide any significant improvement, thus the more complex model in (55) is redundant. The identified parameter for the quadratic model has the following value: M |q|q = -2.76 ± 0.21 kg·m 2 . Table 2 shows the final parameters of the system with both theoretical and identified values.
Following the identification experiments, the controllers developed for the UX-1 robot were tested in real underwater path tracking tests. The path references consisted in several waypoints which simulated a possible mine tunnel navigation scenario. Although the waypoints commanded were not the same, a fair comparison can still be made. As mentioned in previous sections, only the preeminent motions of the UX-1 robot were tested, namely surge, heave and yaw; thus maintaining the pitch, roll and sway constant.
From the plots shown in Fig. 17 and Fig. 18 , it can be seen that the overall response of the feedback linearization controller was more effective in tracking the commanded reference path with less deviations. A key factor in the design of the UX-1 was the operating speed of the robot during missions. Even though open-loop maximum speeds have been measured up to 1.0 m/s, for safety, this value was fixed at a maximum of 0.5 m/s, around which the control systems have been developed. Shown in Table 3 are the maximum measured velocities achieved by the UX-1 during testing. Since the UX-1 is not a perfect sphere, the performance of the control systems will vary depending on the direction of motion (forward, backward, upward, downward), thus, the velocity in every direction is reviewed. As can be seen, the feedback linearization controller achieves much faster velocities in forward/backward motions as opposed to faster velocities in upward/downward motions from the LQR controller.
During the testing of the LQR controller, it was noticed that the performance of the Depth control was oscillatory and showed a limit cycle around the target reference heave position. The reason behind the oscillations was identified as generated by the low robustness of the control. In details, this test is performed in condition of non perfect neutral bouyancy of the vehicle, in turn keeping the UUV positively buoyant as a safety measure. On the contrary, the heave control is linearized around a condition of perfectly buoyancy, meaning that the model used is not the one representing the system in this specific test scenario and proving that the change on this model parameter is not counteracted by the control system.
Comparing the yaw response from both controllers (Fig. 17(d) and Fig. 18(d) ), the faster velocity in the backward motion from the feedback linearization causes an error in the yaw angle which is not seen in the response of the LQR controller, nevertheless, the yaw angle with the feedback linearization control is able to stabilize to the commanded angle of 0 • within a reasonable time. Another important factor in the foreseen missions is lowering as much as possible the power consumption from the batteries in order to achieve longer exploring tasks. Table 4 shows the mean and maximum force commands generated by both controllers during the experiments. The feedback linearization controller managed the lowest mean force value in X and Z , while the LQR controller generated much lower maximum force commands, up to 4N. Nevertheless, in Fig. 17(f) it can be seen that the maximum value for the force commands with the feedback linearization controller is due to peaks in the signal when references are changed, during the rest of the experiment the force values are smooth and within reasonable bounds. In a comparison of the time response analysis in Table 5 , it is evident that the LQR controller, despite having achieved a fall time of 9.36s in Depth (2.76s faster than the FL controller), is outperformed in every metric analyzed. The feedback linearization controller managed overshoot percentages of 2.16% in North and 7.89% in Depth, respectively, 8.45% and 14.13% lower than the LQR controller. Additionally, the rise time obtained by the feedback linearization controller is close to twice as fast in North whilst maintaining a significantly lower settling time. Nevertheless, both controllers accomplished very desirable errors in steadystate with a minimum error of 0.0351m in depth for the feedback linearization controller. These errors are acceptable within the bounds of navigating inside the mine tunnel environments, thus, both controllers are suitable for field testing.
VII. CONCLUSION
In this paper the design and realization of the attitude control system for the UX-1 robot, a novel spherical underwater vehicle for flooded mine tunnel exploration characterized by an innovative manifold system for propulsion and maneuvering, has been presented. This process includes the design of the vehicle, the selection of sensors and actuators, the derivation and experimental validation of a 6 DOF dynamic model, and the development and testing of two control solutions for the navigation of the robot. In particular, a linear trajectory tracking controller based on feedback linearization, and a finite horizon LQR based on a linear approximation of the motion equations have been presented and compared.
Underwater tests in a controlled water tank environment have been carried out to experimentally identify model parameters and to validate the proposed controllers in path tracking tests. Experimental results show the effectiveness of both control solutions, emphasizing that the feedback linearization approach outperforms the finite horizon LQR in almost all the considered performance index.
Future work includes the implementation of more advanced control systems, e.g. model predictive control (MPC) or controllers robust to parameter uncertainties, such as L 1 Adaptive Control. Additionally, the controllers proposed in this work will be validated in real mine environments during field tests at the Kaatiala mine in Finland and the Idrija Mercury mine in Slovenia.
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